Abstract
Introduction
According to statistics of the Police Headquarters, as many as 3.026 people died in road traffic accidents in Poland in 2017. Pedestrian collisions with vehicles were the second most common cause of accidents, with 7.911 such events recorded in that year. As a result, 861 people died and 7.473 were injured [1] . The underlying causes of such a high accident rate are the poor visibility of pedestrians and a lack of care both on the part of pedestrians and drivers. The obligation to use reflective elements by pedestrians moving along roads outside built-up arer Protection [3] showed that over 90% of the commercially available reflective products investigated did not meet the essential requirements of the Personal Protective Equipment Regulation 2016/425.
Reflective products are made using two alternative technologies [4, 5] , which differ in terms of the structure of reflective elements. One technology uses microlenses attached to a base fabric with a silver-plated adhesive layer to form a mirror-like surface. The retroreflective effectiveness of such materials depends on the geometry of the lenses as well as on their arrangement and depth of embedment. The durability of microlens tapes depends on the adhesive properties of the components, the flexibility of the adhesive layer, and on the strength of the base fabric.
The other technology uses microprisms attached to reflective polymer materials. Such materials consist of multilayer polymeric structures, with the middle layer exhibiting a relief in the shape of vertices of geometrical figures made of a synthetic filler resin, whose base is a thin carrier film. The optical properties of these materials depend on their layered structure and microprism shape and aggregation (arrangement) [6] [7] [8] [9] . A diagram showing the structure of materials with reflective properties is given in Figure 1 .
High visibility materials produced using the technologies described above are applicable in two different areas. Reflective textile products are sewn onto high visibility protective clothing and accessories for professional and non-professional use. In turn, reflective polymeric materials (foils) are used mainly in the auto- 
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The available data show that materials containing microprisms have a higher surface density of the reflectance factor within a low angle with respect to incident light. As a result, they are visible from a greater distance (vs. microlens materials) when illuminated by the light of an oncoming vehicle perpendicular to the surface of the retroreflector. Another advantage is a smaller loss of reflective properties of the material due to precipitation. On the other hand, reflective materials containing microlenses provide better visibility at angles other than perpendicular to the direction of incident light beams due to greater dispersion of reflected light [4] .
The aim of the study presented is to assess the influence of structural characteristics of reflective materials produced using two technologies (microlenses and microprisms) on their photometric properties evaluated in accordance with the requirements described in the harmonised standard [10] .
Materials
Commercially available high visibility materials (highly reflective textile straps and sheets) containing microspheres applied on a textile base or microprisms on the surface of polymer films were tested (see Table 1 ). [12] [13] [14] ). Due to the inhomogeneity of the substrate surface observed, the microlenses are arranged in an irregular way (see Figure 3 ). Reflective tape 1 has the same structural parameters as tape 2, as can be seen from the images in Figure 4 .b. The fabric structure of sample 1 is disturbed by a layer of resin which migrated deeper into it. However, the type of weave is still recognisable -in both materials it is a plain weave with a warp and weft density of 7 and 12 threads per cm, respectively.
The process of application of microlenses on a base material is to the greatest extent affected by the adhesive properties of the components and the occurrence of varying stresses in the fabric during the deposition of the reflective layer.
In addition, as can be seen from Figure 3 , the microlenses follow the fabric structure, and particularly the relief characteristic of the weave. This causes an inhomogeneous arrangement of the reflective elements, leading to some light scattering, which affects retroreflection [15, 16] .
In the case of materials made using microprism technology, the surface material is characterised by a highly regular orientation of reflective elements (see Figure 2.c, 2.d) . The uniformity and regularity of the light reflecting elements is important and directly translates into their photometric properties. Such materials, particularly in the form of self-adhesive reflective polymer films, are widely used in sectors with high economic potential, including the automotive industry and road construction [17] [18] [19] . They are commonly used to improve the visibility of road signs and barriers, as well as vehicle and road markings. However, in practice, textile-based materials are characterised by a higher retroreflective coefficient at low angles (up to 0.33°) as compared to retroreflective microprism materials, due to technological limitations. In summary, the uniformity and regularity of light reflecting elements is crucial and directly affects the photometric properties of reflective materials.
Since road signs are immobile, they do not need to exhibit a wide viewing angle, and hence they should be preferably made of materials containing microprisms. On the other hand, pedestrians should be visible from the widest possible angle; therefore, in this case high visibility materials with microlenses are more suitable. It should be emphasised that the health and life of people in workplaces and in everyday situations depend on the quality of reflective materials and, in particular, retroreflective textile materials applied on clothing to improve the wearer's visibility. Therefore the technology of production of retroreflective microlens materials should be further improved.
After acclimatisation according to the standard method [10], the samples tested were mounted in 40 mm × 40 mm frames ( Figure 5) .
A schematic diagram of the photometric set-up used for measurement of high visibility materials is shown in Figure 6 . The setup was designed in accordance with Standard CIE 54 [20] , consisting of the following: n a goniometer, n a system for orienting the illuminator and photometer head, n an illuminator (halogen lamp and collimator), n a detector for measuring luminance, n a detector for measuring illuminance on the surface of the sample.
Photographs of the components of the photometric set-up used for testing are presented in Figure 7 .
The detector head and positioning system could be set to observation angles of 0.2°, 0.33°, 1° and 1.5° by means of a handle (see Figure 7) . The system enabled the detector to tilt depending on the measurement geometry. The illuminator consisted of a halogen lamp emitting a spectrum compliant with CIE illuminant A, equipped with an optical collimator. The diameter of the measuring beam on the goniometer gauge was 82 mm, which corresponds to approx. 28 minutes of arc for a measurement distance of L = 10 m. An HD2102.1 photo-radiometer with an LP 47 LUM 2 probe (DELTA OHM, Italy) was used for luminance measurements. The spectral sensitivity of the LP 471 LUM probe was consistent with the photopic vision curve with an accuracy of 92%. The detector viewing angle was 2°. An L-20A photometer (Sonopan, Poland) was used to determine the light intensity of the samples. The photometer was equipped with a silicon photodiode with a measurement range of 1 lx to 1,900 lx, with a resolution of 1 lx.
Experimental methods
The tests were conducted at an ambient temperature of 20-22°C and relative humidity of 55 ± 5%. The photometric properties of reflective materials were tested according to the method described in CIE 54 [20] . The coefficient of luminous intensity R' was obtained by comparing the light flux I (in candelas) reflected off a planar retroreflective sample, reaching the detector at specific observation and illumination angles, with the illuminance of sample E (in luxes) and the area of the retroreflector.
Measurements were carried out in a darkroom. A laser beam was used to adjust the height and parallel orientation of the illuminator, detector head, and goniometer. A DLE 70 laser rangefinder (Bosch, Germany) was used to measure the detector and illuminator distance from the sample (10.02 ± 0.007 m). The illuminance uniformity of the light beam incidence on the sample was measured using an L-20A photometer. Illuminance E values were measured at the center and around the circumference of the beam, which was 60 mm in diameter. The beam illuminating the sample was found to be homogeneous at 423 lx ± 1 lx.
Rectangular samples mounted in frames were attached to goniometer measuring disc using two-sided adhesive tape. Then luminance L was determined for the selected observation angle α and illumination angle β 1 [10] . The coefficient of luminous intensity was calculated using Equation (1).
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where: R' -coefficient of luminous intensity, I -luminous intensity, cd, E -illuminance, lx, A -illuminated sample area, m 2 .
The luminous intensity on the detector's surface I was calculated using Equation (2):
L -luminance, cd/m 2 , D -distance of the sample from the luminance detector, m, θ -viewing angle of the luminance detector, degrees.
Results and discussion
Values of the coefficient of luminous intensity determined for retroreflective microlens and microprism samples at different observation and illumination (entrance) angles are presented in Figures 8-11 . Fig. 6 . Schematic diagram of the photometric set-up for testing high visibility materials: 1) detector, 2) illuminator, 3) photometer, and 4) goniometer.
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where R' -coefficient of luminous intensity As can be seen from Figures 8-11 , the coefficient of luminous intensity (R') depends on thre measurement geometry. A comparison of test results for illumination angles β 1 and β 2 and for the observation angles adopted (0.2°, 0.33°, 1°, 1.5°) revealed that at illumination angles of 0°-15° the value of R' is constant for samples 1 and 2 (reflective textile tapes), reaching a maximum at an illumination angle of 20°, and then decreasing.
Comparing the photometric properties of samples 1 and 2 (textile tapes), it should be noted that the R' coefficient for sample 1 is lower by 6.5%, which is attributable to the morphological structure of the tape (Figure 2) . A higher R' was found for sample 2, in which the microlenses have smaller diameters. In addition, in the case of reflective textile materials, photometric properties change for varying angles of illumination. For sample 1, this change amounts to as much as 15% (as compared to almost 6% for sample 2).
In the case of highly reflective microprismatic polymer films, R' reaches a maximum at an illumination angle of 0°, and then progressively decreases with increasing illumination angles.
The maximum R' value is 490 cd·lx -1 m -2 for retroreflective microlens materials (samples 1 and 2, Figures 8 and 9 ) and 659 cd·lx 1 m -2 for microprism materials (sample 4, Figure 11 ). Sample 3 shows the lowest reflective properties (see Figure 10) , which should be attributed to the negative effect of its color (red) [21, 22] .
In addition, for all reflective materials analysed, the best reflective properties (maximum R' coefficient) were found at observation angles of 0.2° and 0.33°. For observation angles of 1° and 1.5°, the R' values for all samples tested assume significantly lower values. The estimated percentage changes in the R' coefficient in dependence on the observation angle are presented in Tables 2 and 3 .
The results show that a change in the observation angle α from 0.2° to 0.33° leads to relative changes in the relative R' ranging from 17.44% to 29.56%, whereas a change in the observation angle from 0.2° to 1.5° results in a reduction in the relative R' ranging from 88.68% to 97.14%. This is true of all the samples tested, regardless of the base material and retroreflective technology.
For the samples analysed, changes in the coefficient of luminous intensity R' are also affected by illumination angles in the range 0°-30° (Table 4) .
Percentage changes in the R' coefficient are significantly smaller for reflective materials with microlenses applied on a textile base (1.75-22.29%) in comparison to microprism materials (31.35-52.8%). It could be assumed that microprism technology is more sensitive to changes in observation geometry, and that the reflective properties of these products decrease faster than those of microlens materials.
Summary
In conclusion, the optical properties of retroreflective materials depend on the observation and illumination angles. As can be seen from Figures 8-11 , the luminous intensity coefficient (R') depends on the technology used in the production of retroreflective products. Analysis of the maximum values of the luminous intensity coefficient shows that reflective microprism materials (polymer foils) have more favourable reflective properties, affording higher R' coefficients.
Materials containing a textile base behave differently from polymeric tapes. The fabric structure clearly leads to the heterogeneous aggregation of microlenses, which has a direct adverse effect on their photometric properties. The R' coefficient of woven fabrics is lower than that of reflective polymer foils by up to 169 cd . lx -1 m -2 , or by over 25% (excluding sample 3). However, in terms of the stability of reflective properties under conditions of varying observation angles, microlens technology appears to be superior.
The findings indicate that in choosing reflective materials the colour is also of the essence as it affects their photometric properties, with light colours being preferable. In practice, due to the directional reflection of light by retroreflective materials, the user's safety depends on the ambient conditions, the angle of illumination by vehicle headlights, and the type of reflective material (reflective layer technology, substrate type, and colour). When retroreflectors are oriented at an angle of ±2° between a line perpendicular to the surface of the retroreflector and the incident light beam (e.g., the vehicle headlights), the luminous intensity coefficient R' decreases by more than 50 times (especially in the case of microprisms) in comparison to an observation angle of α = 0.2°.
Materials containing microprisms exhibit higher luminous intensity than reflective microlens tapes for illumination angles up to 15°. However, at illumination angles greater than 15°, reflective microprism materials are characterised by a faster decrease in R' values (in relation to microlens tapes). This phenomenon is caused by the greater dispersion of light reflected by microlenses compared to microprisms due to the less regular orientation of microlenses and the lower homogeneity of textile fabrics vs. polymer foils. Materials containing microprisms offer more efficient directional reflection of light (at low observation and illumination angles), which enhances the visibility of people moving along a road parallel to the direction of moving vehicles outside residential zones. On the other hand, in materials containing microlenses, the R' coefficient is less dependent on the illumination and observation angles, and thus they afford superior visibility on a road at greater angles in relation to the direction of oncoming vehicles. This phenomenon is of particular importance for the safety of people wearing reflective materials in residential areas, e.g., when approaching pedestrian crossings. Pedestrians using microlens accessories may be more easily noticed by drivers before stepping onto a road. In addition, the reflection coefficient depends on the surface of the material (see Formula 1). In order to ensure good visibility of users, it is necessary to equip them with several reflective elements, preferably arranged uniformly around the body.
